~" The authors studied five rhesus monkeys for the effects of annulotomy, with or without the addition of a bacterially-derived collagenase into the nuclear-evacuated centrum of lumbar intervertebral discs. The animals were sacrificed from 3 weeks to 21 months after the single or staged double procedures. The earliest radiographic changes were loss of height of the interspace at 7 days, erosion of the vertebral body margins at 3 weeks, malalignment at 6 weeks, osteophytic formation at 31/2 months, sclerosis of vertebral body surfaces at 9~/2 months, and fusion of adjacent vertebral bodies at 131/2 months. Pathological changes included early loss of disc convexity, focal new bone formation, osteophytic new growth, through-and-through bone formation, irregular cystification, and disc replacement by hyaline fibrous tissue. Changes were reminiscent of those seen in humans with naturally acquired disc disease or aging of the disc. Injuries were produced in a tissue that probably has a limited scope of variation in reaction to insult. KEY WoaDs 9 intervertebraldisc 9 collagenase 9 discolysis 9 annulotomy T
T HE ability of enzyme systems to destroy certain tissue substrates has led to therapeutic trials in humans with intervertebral disc disease. 1~ Collagen has been shown to be the major component of the dry composition of degenerated and herniated intervertebral discsY The enzyme currently used in man is chymopapain. Although its action is considered to be directed against the noncollagen mucopolysaccharide components of the disc complex, it also has a wide spectrum of proteolytic activity, n However, the relative lack of specificity of chymopapain in the dissolution of collagen, the important solid material of the diseased disc, led Sussman and Mann x~,x3 to study bacteriallyderived collagenase. These investigators have established the efficacy of commerciallyproduced collagenase in the destruction of the nucleus pulposus and portions of the annulus fibrosus in the dog without injury to other adjacent structures.
Based on a rationale that collagenase may be a more collagen-specific agent for discolysis than chymopapain, we compared the effects of bacterial collagenase on the normal primate intervertebral disc with those achieved by surgical manipulation of the disc. It must be emphasized at the outset that our study is not analogous to a study in man; the differences between the monkey disc and that of man are obviously relevant.
Methods and Materials
We used five rhesus monkeys 6 to 7 years of age that weighed 4.0 to 6.2 kg. Two were studied according to Protocol A and three according to Protocol B. After quarantine, we performed plain radiological and laminographic studies of the lumbosacral spine of each monkey. All operative procedures were conducted under aseptic precautions and with the animal under general anesthesia. We used a transabdominal, retroperitoneal dissection to expose, anteriorly, the lowest four intervertebral discs. All wounds healed per primum; no antibiotics were, employed. All animals recovered promptly, and no behavioral disturbances or neurological disabilities were noted.
Protocol A
Monkeys 4 and 5 were each subjected to one surgical procedure (Fig. 1) . Three interspaces were exposed; the lowest was untouched, designated as a control, and numbered Space 3. The next space above, Space 2, was entered with a 15-gauge needle and as much of the viscous nuclear material as possible was evacuated with two needle passes. The top space, Space 1, was subjected to similar nuclear evacuation, followed by the injection of freshly solubilized collagenase by way of a 22-gauge needle. The disc of one monkey accepted 0.25 mg of collagenase in 0.05 ml saline and the other 0.37 mg of collagenase in 0.075 ml saline,* prepared from Clostridium histolyticum. 6
F~cJ. 1. Representation of experimental procedures for Protocol A animals.
Protocol B
Monkeys 1, 2, and 3 each underwent two similarly designed surgical procedures (Fig.  2 ) staged 7 months apart. Four interspaces were exposed; the lowest was untouched, designated as a control, and numbered Space 4. The next space above, Space 3, was the site jection of collagenase of one or two temporally spaced trials at in-*The collagenase used in this study was made available commercially by Schwarz/Mann, Orangeburg, New York, and Sigma Chemical Company, St. Louis, Missouri. Each was prepared from Clostridium histolyticum, chromatographically purified as a salt-free, freeze-dried powder at a pH of 7.4 to 7.5. 6 F~(~. 2. Representation of experimental procedures for Protocol B animals.
into the nucleus pulposus by means of a 22-gauge needle. During the first procedure, no puncture was made in one monkey; in the second animal, the disc was punctured only with the needle, but no measurable amount of collagenase could be manually forced into the space; and in the third animal, 1.0 mg of collagenase in 0.15 ml of saline was injected with considerable leakage. At the second procedure, each disc could be more easily injected, and the following amounts of collagenase were introduced (Fig. 3 lower) no gelatinous nuclear material (Fig. 4 lower) marked reduction of gelatinous ndclear material in Monkeys 1, 2, and 3, respectively: 0.44 mg in 0.1 ml saline; 0.44 mg in 0.1 ml saline; and 1.50 mg in 0.35 ml saline. The third space from the bottom, Space 2, was subjected to two roughly identical surgical procedures staged 7 months apart. An annular plug was excised, and the nuclear material was evacuated with a pituitary grasping forceps. The following amounts of collagenase were instilled into the evacuated space in Monkeys 1, 2, and 3, respectively: 0.67 mg in 0.1 ml saline; 0.33 mg in 0.05 ml saline; and 0.33 mg in 0.05 ml saline. The annular plug was replaced. At the second procedure an annulotomy was performed, the narrowed spaces were entered with small curettes and cleaned of fibrous tissue, and 0.44 mg of collagenase in 0.1 ml saline was instilled in each monkey. The uppermost of the four interspaces, Space 1, was subjected to two annulotomies and nuclear space excisions similar to that of Space 2 but no collagenase was injected.
All five monkeys had plain radiological and laminographic studies at intervals after the surgical procedures. At the time of sacrifice, the lumbar segments were excised so as to include adjacent control spaces. Each specimen was radiographed, split longitudinally in the sagittal plane and photographed. One half was subjected to histological study, and the other half was preserved frozen. The monkeys of Protocol A were killed at 18 and 54 days, and those of Protocol B were killed at 14, 17, and 21 months.
Results

Protocol A
Radiological Findings. None of the preoperative control studies revealed any abnormality of the spine. Results of the radiological and gross morbid examinations are presented in Table 1 , and Figs. 3 and 4.
Histological Findings. The animal killed at 18 days showed obvious disc changes in Spaces 1 and 2. These were most obvious in Space 1, which showed marked reduction of alcianophilic nuclear material with flattening of the normally convex outline. The central part of the disc consisted of relatively condensed collagen surrounding numerous linear fissures ( Fig. 5 left) , as compared with the control (Fig. 5 right) . Between the anterior ligament and the outer fibers of the annulus fibrosus was a focus of hyaline cartilage and new bone. This feature was not present in Space 2, which showed fewer abnormalities than Space 1 and still had recognizable nuclear material. Nevertheless, in this space the disc convexity had also disappeared.
The animal killed at 54 days after operation showed similar changes in Spaces 1 and 2, again more marked in Space 1. There was also focal new bone formation in the angle between the periosteum and the lip of the vertebral body. C o l l a g e n a s e effect on m o n k e y i n t e r v e r t e b r a l disc Tables 2 to 4 and Figs. 6 and 7. The earliest and most common change seen was the loss of height of the interspace. This change occurred at every experimentally treated space but not at the control spaces. Although severe changes were found at spaces treated only surgically, the most widespread and dramatic changes were encountered in the spaces both surgically manipulated and treated with enzyme. It is worth emphasizing, however, that osteophytic spur formation or bridging, as well as loss of height, occurred at each site at which only the collagenase was injected. None of the changes reverted to normal during the period of observation ,of the animals.
Gross Pathological Changes. Differences in appearance between each of the three injured animals were as notable as the differences between the findings at the various interspaces of the same animal. Photographs of the sagittally cut specimens generally corroborated the radiological interpretations (Fig. 8) .
In each of the three animals there were severe gross changes. These were most obvious in Space 2, which had been subjected to both evacuation of nuclear material and instillation of collagenase. Lesser changes were noted in Space 1, in which the nucleus had been removed but no enzyme instilled.
Space 3, in which collagenase had been instilled into the intact nucleus pulposus showed (Fig. 8 center) . Monkey 3, killed at 21 months, showed remarkable anterior angulation of the disc, a feature not seen in either of the other two (Fig. 8 right) . Ir- regular cystification was seen in several of the fibrocartilage (Fig. 9) . The remainder of the affected discs; changes in the posterior disc was completely replaced by normalsegments of affected discs were much less severe in all the animals. Histological Findings. In Monkey 1, the most striking changes were seen in Space 2. In the line of the intervertebral disc there remained only a few small irregular islands of appearing cancellous lamellar bone with fatty marrow. Significantly, the anterior margins of the vertebral bodies showed no evidence of osteophytic lipping. In Space 1, the posterior part of the disc was relatively preserved but narrowed. The anterior half was replaced by irregular, sparsely cellular fibrous tissue with a markedly irregular line of separation from the adjacent vertebral bone. This apparently had been partially caused by focal neo-osteogenesis, but herniation of disc material also appeared to have occurred into the adjacent vertebral bone, especially at the midpoint. Scattered adjacent foci of completely acellular eosinophilic material were present and resembled tissue of disc origin, surrounded and sequestrated by a viable tissue reaction. Space 3 was similar but showed focal through-and-through continuity of bone between adjacent vertebral bodies. The anterior portion of the fibrous disc was splayed in a triangular fashion, with the base against the anterior ligament; a substantial part of the increased bulk was contributed by an island of cancellous lamellar bone. The marginal epiphysis also showed anterior expansion by peripheral neo-osteogenesis.
Monkey 2 also showed most changes in the second disc space, particularly in the anterior half. These were less impressive than in Monkey 1 but were associated with considerable osteophytic lipping (Fig. 10) . In this space, too, there was new bone formation in the anterior ligament that appeared to be physically separate from either of the adjacent vertebral bodies.
In Monkey 3, the islands of new bone formed deep to the anterior ligament in disc Spaces 1 and 2 were so large that the remnants of the disc, replaced entirely by hyaline fibrous tissue, were bent almost at right angles to the original line of the discs, as seen posteriorly (Fig. 11) . The changes otherwise resembled those seen in the previous two animals.
Discussion
The virtually complete destruction of the entire intervertebral disc in Space 2 of Monkey 1 was unique. It is significant that the complete bone ankylosis was unassociated with any evidence of osteophytic lipping of the adjacent vertebra.
Another significant feature seen was the development of new bone in the line of the affected disc, immediately deep to the anterior ligament. This new bone appeared, in the sections examined, to be independent and separate from the osteophytic lipping of the adjacent vertebral bodies. As with the above observation, this might have resulted from an examination restricted to the midline of the specimen, but in the series as a whole a progression in size of this particular focus of new bone could be discerned from its first appearance, where it was clearly separate from the lips of the adjacent vertebra. Its position did, in fact, coincide with the site of operational puncture of the anterior ligament, and its presence there could reflect a reaction to this injury.
The relative sparing of the posterior segments of the experimental disc spaces presumably reflects the depth of penetration of the needle and the extent of diffusion of the enzyme introduced.
Most of the changes observed have been described in naturally acquired disc disease or with aging, and suggest that the experimental procedure has produced injuries in a tissue with a limited scope for variation in reaction to injury.
Although collagenases may be highly specific in their action against the collagen molecule, the commercially available microbial collagenases are likely to be contaminated by traces of other proteinases and peptidases. The bacterially-derived collagenases break down native and denatured collagen, liquefy gelatin, and probably hydrolyze peptide bonds. ~ As demonstrated by Harper and Kang, 5 the collagenase from Clostridium histolyticum may differ as to its specificity, depending on which of the two forms, A or B, is studied. They concluded that collagenase A cleaves only the bond between an amino acid and glycine in a certain sequence, whereas collagenase B hydrolyzes many other bonds; thus, the reports of lack of specificity by bacterial collagenase 1 may result from the enzyme not having been fractionated into its two components. Robins, et al., 9 offer support to the proposition that the susceptibility of collagen fibers to attack and degradation appears to lessen as the reducible intermolecular crosslinks are decreased and the number of covalent cross-links between peptide chains is increased. These workers proposed that as the collagen fibers age and the growth rate of the organism slows to maturity, fewer reducible cross-links are present, and the fibers increase their stability against attack, including enzymatic attack.
In the case of the intervertebral disc, the nucleus is considered by Naylor 8 to be a polysaccharide-water-collagen system in which the collagen molecules are dispersed within the deformable gel. If it is true, as proposed by both Naylor 8 and Van den Hooff, TM that the aging process changes the collagen, the gel structure is disturbed, and the symbiotic interrelationship between collagen and mucopolysaccharide metabolism is altered, then it follows that, irrespective of whether an enzyme system attacks primarily the mucopolysaccharide-protein complex of the disc or the collagen component (collagenase), both partners in the close relationship are unavoidably disrupted.
We must emphasize that our studies were made on normal primate intervertebral discs by a crude onslaught of bacterial enzyme and surgical manipulation without cognizance of locally occurring enzyme systems or preexisting degenerative processes. Our observations are interpreted to mean that physical (surgical) or enzyme (collagenase) assault upon the monkey disc initiates changes which evolve over time, long after the insulting agent has ceased to act. The differences in animal species, dosage and degree of purification of the collagenase employed, and the time sequences under our studies are not comparable with those of Garvin? Unlike the findings of Garvin and Jennings, 4 who used chymopapain, the changes we observed were not reversible. These changes may be nonspecific and perhaps should be the expected result of injuring a simple structure with a limited spectrum or pattern of responses. There was no hallmark of collagenase action in the long-term animals, but it is tempting to suggest that the addition of the collagenase appeared to enhance the degree of response also elicited by surgical nuclear excision alone. The changes observed are reminiscent of those observed in man suffering in various stages of degenerative intervertebral disc disease. The use of collagenase in a degenerating disc could be tested as a method to accelerate the pathological process and, perhaps, to speed the development of a functionally stable and painless interspace complex. In this regard, one could raise several questions: Would the addition of a spreading factor such as one of the more specific mucopolysaccharidase enzymes facilitate the spread of the collagenase? If the aim is to eliminate the predominantly mucopolysaccharide nucleus pulposus, would a simple mucopolysaccharidase without a protease be sufficient? The interpretations offered in this study must be considered tentative and the speculations only conjectural.
